This study investigates the role of extracellular nucleotides and apyrase enzymes in regulating stomatal aperture. Prior data indicate that the expression of two apyrases in Arabidopsis thaliana, APY1 and APY2, is strongly correlated with cell growth and secretory activity. Both are expressed strongly in guard cell protoplasts as determined by RT-PCR and immunoblot analyses. Promoter activity assays for APY1 and APY2 show that expression of both apyrases correlates with conditions that favor stomatal opening. Correspondingly, immunoblot data indicate APY expression in guard cell protoplasts rises quickly when these cells are moved from darkness into light. Both short-term inhibition of ectoapyrase activity by polyclonal antibodies and long-term suppression of APY1 and APY2 transcript levels significantly disrupt normal stomatal behavior in light. Stomatal aperture shows a biphasic response to applied ATPγS or ADPβS, with lower concentrations inducing stomatal opening, and higher concentrations inducing closure. Equivalent concentrations of AMPS have no effect on aperture. Two mammalian purinoceptor inhibitors block ATPγS-and ADPβS-induced opening and closing, and also partially block the ability of abscisic acid to induce stomatal closure, and of light to induce stomatal opening. Treatment of epidermal peels with ATPγS induces increased levels of nitric oxide and reactive oxygen species, and genetically suppressing the synthesis of these agents blocks the effects of nucleotides on stomatal aperture. A luciferase assay indicates that treatments that induce either the closing or opening of stomates also induce the release of ATP from guard cells. These data favor the novel conclusion that ectoapyrases and extracellular nucleotides play key roles in regulating stomatal functions.
INTRODUCTION
The swelling or shrinking of guard cells in the leaf epidermis controls stomatal aperture. Guard cells respond to a variety of stimuli including abscisic acid (ABA) and blue light to regulate stomatal apertures through changes in ion transport, water potential, and osmotic pressure. Swelling and shrinking events may be accompanied by changes in surface area of the plasma membrane requiring membrane exocytosis and endocytosis to accommodate the fluctuating volume (Shope et al., 2003) . In recent years, guard cell signaling pathways have been elucidated, revealing new roles for nitric oxide (NO) and reactive oxygen species (ROS) in stomatal closure (Mata and Lamattina, 2001; Bright et al., 2006; Desikan et al., 2006) . These findings illustrate the complexity of guard cell responses, and an understanding of the signaling pathways remains incomplete (Neill et al., 2008) . Intracellular ATP has long been known as a cellular energy source, but now extracellular ATP (eATP) has become recognized as a signaling agent in both plants and animals (Roux and Steinebrunner, 2007; Clark and Roux, 2009; Tanaka et al., 2010a) . In mammals, it binds to purinergic receptors of the P2 receptor family, which induces a rapid increase in [Ca 2+ ] cyt that leads to diverse physiological responses (Burnstock, 2008) . In plants, application of ATP also controls [Ca 2+ ] cyt fluctuations (Demidchik et al., 2003 (Demidchik et al., , 2009 Jeter et al., 2004; Tanaka et al., 2010b) , although the plant receptor that initiates these responses remains unknown. As it does in animals, eATP in plants also upregulates transcripts for proteins involved in signal transduction (Jeter et al., 2004; Song et al., 2006) . Downstream of the changes in [Ca 2+ ] cyt , but upstream of the gene expression changes, applied ATP can promote growth-altering accumulation of ROS and NO in diverse tissues of diverse plants (reviewed in Tanaka et al., 2010a) . These accumulations appear to be critical intermediates for eATP signaling, because genetic suppression of ROS or NO production can block cell and tissue responses to applied nucleotides (Song et al., 2006; Reichler et al., 2009; Clark et al., 2010b ).
The involvement of NO and ROS in guard cell responses, and their production via eATP signaling in other plant cells, led us to hypothesize that eATP may also play an important role in stomatal signaling pathways. An additional rationale for testing the role of eATP in stomata function was the evidence of Wolf et al. (2007) that the apyrase (NTPDase) enzymes APY1 and APY2 were strongly expressed in guard cells of Arabidopsis. These observations led us to test whether the heightened presence of APY1 and APY2 in guard cells 6 reflected a role for eATP in guard cell function and whether eATP signaling could be upstream of the NO and ROS signals known to regulate stomatal aperture.
Our results provide independent verification of the enhanced presence of APY1 and APY2 in guard cells, and reveal that applied ATPγS and ADPβS, which activate eATP responses in plants and animals but are poorly hydrolysable, can induce stomatal opening or closure in a dose-dependent manner. They also show that the effects of applied nucleotides on aperture are accompanied by increases in NO and ROS production, and can be blocked either by genetically suppressing NO or ROS production or by using a purinoceptor inhibitor that blocks eATP responses in animals. These findings are linked to apyrase function by data demonstrating that apyrase expression is dynamically increased when stomates open, and that the chemical inhibition or genetic suppression of apyrases can significantly alter rates of stomatal opening and closing. These results, plus a luciferase assay that shows guard cells release ATP when stomates are induced to open or close, support the novel and unexpected postulate that eATP is an important factor in guard cell signaling pathways, and APY1 and APY2 impact stomatal opening and closure consistent with their hypothesized regulation of eATP.
RESULTS

Expression of APY1 and APY2 in Guard Cells
To determine if APY1 and APY2 are expressed in guard cells we performed RT-PCR analyses of guard cell protoplasts and whole leaf extracts using gene-specific primers. The transcript levels of both APY1 and APY2 are enriched in protoplast preparations in which the ratio of guard cells to mesophyll cells is ≥ 1.0, compared to whole leaf extracts in which the ratio of guard cells to mesophyll cells is ≤ 0.1 (Fig. 1A) . Immunoblot analyses using polyclonal anti-APY1 antibodies were performed to confirm APY protein expression in protoplast preparations is enriched in guard cells. APY1 and APY2 are 87% identical at the deduced amino acid level and APY1 antibodies have previously been shown to cross-react with both APY1 and APY2 proteins (Wu et al., 2007) . Immunoblot results reveal that the cross-reactive band near 50 kDa, the approximate size of APY1 and APY2 proteins (Steinebrunner et al., 2000) , is more abundant in the enriched guard cell preparation than in the whole-leaf extracts (Fig. 1B) .
7
APY1 and APY2 Promoter Activities and Protein Levels Correlate with Open Stomata
To help evaluate whether APY1 and APY2 are involved in the opening and closing of stomates, APY1 and APY2 promoter GUS fusion lines were grown in conditions that either promoted opening or closing of stomata, and analysed for GUS activity. During the day, when stomates are generally open, APY1 and APY2 promoter activity was observed in guard cells ( Fig. 2A , top left panel) as published previously (Wolf et al., 2007) . Higher humidity levels of 85% RH, which increase stomata opening, also increased the GUS staining of the guard cells ( Fig. 2A, bottom left panel) . On the other hand, closure of stomates in the dark correlated with the decrease of APY1 and APY2 promoter activity ( Fig. 2A, top right panel) .
Under high humidity conditions, stomates will remain open in the dark (Barbour and Buckley, 2007; Mott and Peak, 2010) , and, again, guard cells showed high GUS staining ( Fig. 2A , bottom right panel). Taken together, APY1 and APY2 promoter activity was high under conditions that induced stomata opening as analysed by GUS staining. In order to determine if the promoter activities had the predicted effects at the protein level we performed immunoblot analyses of APY1/APY2 protein levels in guard cell protoplasts after treatment with light at various time points. We found that after 15 min of light treatment there was a corresponding increase in level of immunodetectable APY1/APY2 protein and that this increased was maintained over a 1 h period (Fig. 2B ).
Chemical and Immunological Inhibition of Apyrase Activity Induces Stomatal Closure
In order to directly determine if apyrase activity plays a role in regulating guard cell aperture in Arabidopsis we treated epidermal peels and whole leaves with apyrase antibodies and chemical apyrase inhibitors. Anti-APY1 antibodies have previously been shown to inhibit ectoapyrase activity in pollen tubes and cotton fiber cultures (Wu et al., 2007; Clark et al., 2010a) , so we tested their effects on stomatal aperture. Treatment of epidermal peels and whole leaves with 10 µM ABA and with immune sera induced stomatal closure while treatment with pre-immune sera had no effect on stomatal aperture (Fig. 3A) . The chemical apyrase inhibitors NGXT 191 and apyrase inhibitor #13, which were selected from a chemical library based on a screen for specific inhibition of potato apyrase activity (Windsor et al., 2002) , have previously been shown to inhibit the activity of APY1 and APY2 (Wu et al., 2007) . Treatment of epidermal peels with 7.5 µg/mL of apyrase inhibitor NGXT 191 induced stomatal closure and this closure was blocked by co-incubation with www.plantphysiol.org on January 30, 2018 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved.
pyridoxalphosphate-6-azo-phenyl-2',4'-disulphonic acid (PPADS), an antagonist of animal purinoceptors, at a concentration of PPADS (100 µM) that had no effect by itself (Fig. 3B) .
Treatment with 7.5 µg/mL NGXT191 or apyrase inhibitor #13 also caused stomatal closure in whole leaf experiments (data not shown).
Treatment with ATPγS and ADPβS Induces Changes in Guard Cell Aperture
In order to test whether eATP and eADP might play a role in the regulation of stomatal aperture we performed dose-response curves for stomatal opening and closure using poorly hydrolysable ATP and ADP analogs, ATPγS and ADPβS. There was a biphasic response to treatment with these nucleotide analogs in epidermal and whole leaf experiments: low concentrations of ATPγS-induced stomatal opening in darkness and high concentrations of ATPγS-induced stomatal closure in the light. In epidermal peel experiments, the threshold for ATPγS-induced closure was between 150 and 200 µM, however 250 µM AMPS had no effect on stomatal aperture (Fig. 4A) . We found the same threshold for ATPγS-induced closure in leaf experiments and for ADPβS-induced closure in peel experiments (Supplemental Fig. S1 ). The mean stomatal aperture after the closure induced by 200 µM ATPγS was statistically the same as the aperture induced by treatment with 10 µM ABA.
When maintained in darkness epidermal peel experiments showed that 5 and 15 µM ATPγS induced opening and 15 µM AMPS had no effect on stomatal aperture (Fig. 4B) . The mean stomatal aperture induced by low concentrations of ATPγS was smaller than the aperture induced by light treatment. In whole leaf experiments, the same biphasic response was observed, and the threshold concentration for closure for both ATPγS and ADPβS was the same as found in the peel experiments; however the threshold concentration for opening was shifted higher than 5 µM ATPγS (Supplemental Fig. S2 ).
PPADS and RB2 Block the Ability of ATPγS to Regulate Guard Cell Aperture
PPADS and reactive blue 2 (RB2) are well-characterized purinoceptor antagonists that have previously been shown to block ATPγS-induced changes in plant growth responses (Clark et al., 2010a; 2010b) . We tested the effects of co-incubation of PPADS and RB2 with different agents on stomatal aperture. We found that 100 µM PPADS, which had no effect alone, blocked ATPγS-induced stomatal closure and partially blocked ABA-induced stomatal closure in leaves (Fig. 5A) . In epidermal peel experiments, PPADS could also block stomatal closure by ATPγS and partially block ABA-induced closure (data not shown).
Correspondingly, 100 µM PPADS, which had no effect alone, blocked ATPγS-induced stomatal opening and partially blocked light-induced opening in epidermal peels (Fig. 5B) .
We observed the same effects of PPADS in opening experiments using whole leaves (data not shown). In whole leaf experiments RB2 was also able to block ATPγS-induced stomatal closure and partially block ABA-induced stomatal closure in leaves at a concentration (30 µM) that has no effect alone (Supplemental Fig. S3A ). RB2 was also able to block ATPγS-induced opening and partially block light-induced opening at a concentration (30 µM) that had no effect by itself in leaves (Supplemental Fig. S3B ).
Suppression of Apyrase Expression Affects Regulation of Stomatal Aperture
In order to test the effects of apyrase suppression on stomatal aperture we used the In order to test the connection between NO and H 2 O 2 production and stomatal closure induced by treatment with 200 µM ATPγS we tested the ability of stomata in leaves of nia1nia2 and atrbohD/F mutants to respond to 200 µM ATPγS. The double mutant of nitrate reductase, nia1nia2 has only 0.5% nitrate reductase activity compared to wild-type plants (Wilkinson and Crawford, 1993) . The atrbohD/F mutant is disrupted in two subunits of NADPH oxidase that are expressed in guard cells and is deficient in H 2 O 2 accumulation in guard cells (Kwak et al., 2003) . In closing experiments with whole leaves, treatments of atrbohD/F and nia1nia2 mutants with 200 µM ATPγS or 10 µM ABA had no effect on stomatal aperture (Fig. 7C, D) .
ABA and Light Induce Release of ATP from Guard Cells
In order to monitor the release of ATP from guard cells, transgenic lines expressing a secreted luciferase were generated. To determine if the ecto-luciferase lines could report the presence of eATP in leaves, we first tested the effects of 1 mM ATP on luminescence production. When they were treated with eATP for 5 min or longer, x-luc1 and x-luc9 lines showed high levels of luminescence, on average 4.75 counts per second (cps) (Fig. 8 ). This luminescence was primarily centered around guard cells, although pavement cells of the epidermis also showed a significant increase in luminescence, on average 1.35 cps, after ATP treatment. In trials where no eATP was added and no stimulus was used to cause stomata to change their aperture, only background levels of luminescence were recorded, on average 0.73 cps.
Once we had identified individual plants that were producing luciferase we tested the effect of ABA on epidermal peels of x-luc9 plants that had been exposed to 24 h continuous light and thus had fully open stomata. As early as 5 min after strips were floated on a solution of Leaf Buffer containing 10 µM ABA, luminescent signals were produced in the location of stomata, on average 3.57 cps (Fig. 8) , a level that was statistically higher than control levels.
This luminescence signal was maintained for up to 15 min, but after 15 min of continuous exposure to ABA the luminescence signals returned back to control levels, about 0.80 cps (Fig. 8D ). We also tested the effects 200 µM ADPβS on open stomata. After 5 min of this treatment, stomata exhibited luminescence levels that averaged 2.75 cps (data not shown), a value that was statistically higher than control levels of luminescence.
When closed stomata of x-luc9 leaves were exposed to a light stimulus that would cause them to open, the luminescence of stomata in epidermal peels from these leaves increased. After the leaves were exposed to 5 min of constant light, and peels from these leaves were floated on Leaf Buffer for 5 additional min in the light, the addition of luciferin plus flash buffer increased stomatal luminescence levels to an average of 2.81 cps, a level statistically higher than the control levels observed after the initial 24 h of darkness (Fig. 9 ).
Plants were continuously exposed to constant light, and stomatal luminescence levels of peels from their leaves were recorded every 5 min. Luminescence levels peaked after 10 min irradiation and returned back to levels similar to that of control levels (average 1.03 cps) after 25 min and stayed at this low level for up to 35 min of constant light exposure (Fig. 9D ).
DISCUSSION
Promoter:GUS and RT-PCR analyses indicated that the level of expression of APY1
and APY2 in guard cells was dependent on conditions that control stomatal opening and closing. Higher levels were observed in guard cells of open stomates and lower levels in guard cells of closed stomates, revealing that apyrase expression was linked to guard cell swelling and shrinking. Immunoblot results showed that the dynamic increase in APY transcript levels when guard cells open was accompanied by increases in apyrase protein, which occurred rapidly, similar to the dynamic changes in apyrase protein levels that occur during rapid growth changes in hypocotyl cells (Wu et al., 2007) . Osmotic swelling of cells induces the release of ATP into the medium (Jeter et al., 2004) , so the increased expression of 12 APY1 and APY2 in swelling guard cells could be linked to the appearance of increased concentrations of eATP in the extracellular matrix. Increased eATP during cell expansion is correlated with increased APY1 and APY2 expression during the growth of cells and tissues (Kim et al., 2006; Wu et al., 2007) . To the extent that the increase in APY in expanding guard cells is driven by changes in [eATP] , it would be the consequence rather than the cause of guard cell swelling, nonetheless, these results suggest that there could be a role for these enzymes in regulating stomatal aperture.
Dark-adapted guard cell protoplasts expand when they are exposed to light (Zeiger and Hepler, 1977) . When guard cells swell or shrink, the surface area of their plasma membrane changes to accommodate the fluctuating cell volume (Shope et al., 2003) , and these volume changes require membrane trafficking (Shope and Mott, 2006; Meckel et al., 2007) . Exocytosis and stretching of the plasma membrane were previously shown to promote ATP release from cells (Jeter et al., 2004; Kim et al., 2006; Weerasinghe et al., 2009) , and similar events in expanding guard cells could be the changes that promote ATP release from these cells during stomatal opening.
In both plants and animals ATP release also occurs during hypotonic shock and cell volume decrease (Light et al., 1999; Jeter et al., 2004; Blum et al., 2010) . If this occurs when guard cells shrink in darkness or after ABA treatment, then this release of ATP would probably not be linked to an increase in APY 1 and APY2, because the levels of these proteins are lower in dark-adapted guard cell protoplasts, as are the levels of the transcripts that encode them (Fig. 2) . The combination of ATP release and a decrease in ectoapyrase levels would result in a higher [eATP] during stomatal closure than during its opening, since ectoapyrase levels increase during stomatal opening. Measuring changes in eATP levels during the swelling and shrinking of guard cell protoplasts would be somewhat problematic, for any breakage of the protoplasts during the incubation periods would increase the background [eATP] in the medium and reduce the signal-to-noise ratio. A method for dynamically assaying changes in eATP levels in the ECM around guard cells in intact leaves or epidermal strips would be one way to solve this problem.
Given these considerations the question must be asked, Do intact guard cells release ATP when they expand and when they shrink? To address this question we used transgenic lines expressing a luciferase modified to include a signal peptide that would direct it to be secreted. Results using these lines indicated that guard cells do release ATP both when stomata are induced by light to open and when they are induced by ABA to close.
The technique of engineering the secretion of cytoplasmic proteins by attaching a signal peptide has been successfully employed in many reports (Schnell et al., 2010) . The signal peptide used to direct the secretion of luciferase into the ECM was that of SCR from Brassica, which definitely promotes the secretion of SCR in pollen (Schopfer et al., 1999; Watanabe et al., 2000) . Evidence that it also promotes the secretion of luciferase is that the addition of ATP and luciferin to the incubation medium of x-luc lines 1 and 9 results in a strong luminescence signal that peaks in 3 seconds and then, as the applied ATP is hydrolyzed, goes down to baseline levels within 10 sec, even though some of the luciferin has entered the cell during this time. In the same experiment, in endo-luciferase lines, even without an addition of ATP to the medium, the luminescence rises sharply as the luciferin enters the cell and continues to rise during a one-minute recording period indicating that the luciferin-luciferase in the cytoplasm is reporting the internal ATP, which remains at nonlimiting levels during the recording period (data not shown). This indicates there is very little luciferase in the cytoplasmic compartment of the x-luc lines to report the cytoplasmic [ATP].
In Figs. 8 and 9 the applied 1 mM ATP would not be expected to readily cross the plasma membrane, and, even if it did, it would not significantly increase the ATP concentration of the cytoplasm, which is typically near or above mM (Gout et al., 1992) . Applied ATP increases the luminescence of both guard cells and the surrounding pavement cells of the epidermis in peels of x-luc leaves, but the signal in the guard cells is two to three times higher than that in the other epidermal cells. Since the cuticle layer covers all epidermal cells, there is no reason to believe this differential luminescence is due to a more rapid penetration of luciferin into the guard cells. Rather, a more likely explanation is that there is relatively more secretory activity in guard cells (and thus higher ecto-luciferase levels) than in mature pavement cells of the epidermis. This conclusion would be consistent with the fact that there is significantly more membrane turnover in guard cells as they swell and shrink than would be expected in the mature, non-growing pavement cells.
In principle, the lack of luciferase luminescence in stomata that are in a stable open state in light or a stable closed state in darkness (Figs 8 and 9) could be due to a lack of expression of ecto-luciferase or to too low a level of eATP in these cells. However, the fact that applied ATP induces a strong luminescence in these cells demonstrates that the level of available luciferase is not limiting, and thus favors the interpretation that it is the [eATP] that is limiting. The increase in guard-cell pair luminescence after ABA or light treatment, then, is most likely due to an increase in [eATP] induced by these stimuli.
The increase in luciferase luminescence after ABA treatment appears to be significantly greater than after light treatment. As discussed above, this would be expected if APY levels do not increase when stomates are induced to close, but do increase when they are induced to open. This result would be consistent with the dose-response data that predict higher levels of eATP would induce closing and lower levels would induce opening.
However, data quantifying the exact [eATP] represented by luminescence would be needed before this relationship could be confidently established.
Because APY1 and APY2 are NTPDases, their increased expression when the [eATP] rises suggests that a role for these enzymes is to limit the [eATP] . In Arabidopsis, APY1 and We directly tested a role for ectoapyrase activity in the control of stomatal closure by treating leaves and peels with chemical inhibitors or anti-APY1/2 antibodies. Both of these treatments induced stomatal closure in the light, similar to the effects of an ABA treatment.
Although the chemical inhibitors are small, hydrophobic molecules that could potentially cross the plasma membrane, it is unlikely that the larger antibody molecules could exert their effects inside the cell. These results, then, are consistent with the conclusion that ectoapyrase activity plays an important role in regulating guard cell apertures. The treatments with inhibitors or antibodies were short, 1 h in peel experiments and 2 h in leaf experiments, and they raised the question of whether genetic suppression of APY1 and APY2 expression over a longer period of time might also affect stomatal apertures.
Total suppression of both APY1 and APY2 expression is lethal (Steinebrunner et al., 2003; Wolf et al., 2007) , so partial suppression of these genes by RNAi has been the preferred genetic approach to see how reduction in apyrase expression affects plant growth and development (Wu et al., 2007; Clark et al., 2010b) . These RNAi-suppressed plants are The effects of ATPγS on stomatal aperture are likely mediated by a plant eATP receptor that is pharmacologically similar to animal purinoceptors, because PPADS and RB2 are able to block eATP-induced stomatal closure and opening. These inhibitors also partially block the ability of ABA to induce stomatal closure and light to induce stomatal opening, suggesting that eATP may play a critical role in the complex signaling pathway mediated by ABA and light. Although a purinoceptor-like protein has been discovered in algae (Fountain et al., 2008) , none has yet been found in higher plants. The discovery and characterization of a receptor for extracellular nucleotides in leafy plants will be a necessary pre-requisite to clarify more completely the role of extracellular nucleotides in controlling guard cell responses to hormonal and environmental cues.
In Arabidopsis the production of NO and ROS is both induced by extracellular nucleotides (Song et al., 2006; Reichler et al., 2009; Clark et al., 2010b; Tonón et al. 2010) and required in the signaling pathway that links applied nucleotides to growth changes (Reichler et al., 2009; Clark et al., 2010b) . The induction of these signaling intermediates by eATP in other species is also well established (Kim et al., 2006; Foresi et al., 2007; Wu et al., 2008; Clark et al., 2010b; Terrile et al., 2010) . Because The data presented here strongly favor the conclusion that APY1 and APY2 and extracellular nucleotides play key roles in the control of stomatal aperture. Further studies will be needed to discover how APY and extracellular nucleotide changes intersect with the better-characterized hormonal and environmental cues that control guard cell function.
MATERIALS AND METHODS
RT-PCR Analysis of APY Transcripts in Guard Cell Protoplasts
The tissue source for isolating guard cell protoplasts was rosette leaves from Arabidopsis Col-0 and WS ecotypes grown in continuous light for 3 weeks. The isolation procedure used, which yields a protoplast preparation enriched in guard cells, was the overnight method previously described, excluding Histopaque purification steps (Pandey et al., 2002) . Total RNA was isolated from the enriched guard cell protoplasts (> 50% guard cells) and from whole leaves using the Sigma Spectrum Plant Total RNA Kit, following the manufacturer's protocol. Two µg RNA was treated with DNase (Invitrogen) and first-strand cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen), using the manufacturer's protocol. APY1 and APY2 transcripts were amplified by adding 2 µL of firststrand cDNA as a template in 25-cycle PCR reactions. For APY1 (At3g04080), the primers
AraF172
(5'-GCAGCCGTAACTTGCAATC-3') and AAR566 (5'-CACAGCGTAATTCTTCGGACC-3') were used, and for APY2 (At5g18280), the primers Arapy2F (5'-GCTTTCCCAAATTCACCGT-3') and AAR566 (5'-CACAGCGTAATTCTTCGGACC-3') were used (Wu et al., 2007) . For ACT2 (At3g18780), the primers 5'-AACTCTCCCGCTATGTATGTCGC-3' and 5'-CCATCTCCTGCTCGTAGTCAACA-3' were used. The PCR products were run on a 1% agarose gel and visualized under UV light.
Immunoblot Analysis of APY Proteins Extracted from Guard Cell Protoplasts
Guard cell protoplasts and whole leaf tissues were snap frozen with liquid nitrogen, and the whole leaves were ground while frozen. Samples were boiled in a protein extraction protein levels, guard cell protoplasts were dark-adapted for 1 h on ice and equilibrated to room temperature for 10 min. Then the guard cell protoplast preparation was separated into five 100 µL aliquots in 1.5 mL centrifuge tubes, and samples were either untreated (dark control) or treated for 15, 30, 45 or 60 min. Protoplast samples were boiled in extraction buffer and used for immunoblot analyses as described above. and pre-immune sera were purified using protein A-Sepharose following the protocol described by Martin (1982) with the slight modification that the buffers used were azide-free.
Promoter-GUS Analyses
APY1:GUS
The protein-A purified sera were both used at a 1:1000 dilution in leaf stomatal aperture experiments. The concentration of the immune and pre-immune sera, determined by Bradford assay (Bio-Rad), was 10.2 μ g/mL and 7.7 μ g/mL, respectively.
After treatment, photos of stomata were taken using a light microscope at 20X.
Stomatal aperture width was measured using the image processing software ImageJ.
Typically, photos were taken of 70 to 90 stomata per treatment of which only 50 stomata were measured for each treatment. For each treatment the ratio of closed stomata (width of 0)
to open stomata was determined for all stomata imaged and this ratio was maintained in the 50 stomata that were measured for each treatment. Data shown uses apertures determined as width/length, however data in all experiments also obtained as width only and generally width/length and width only data are in agreement with each other. Statistical significance of the measurements for the treatments was determined using the Student's t test in Microsoft
Excel.
Detection and Quantification of ROS and NO
Col-0 plants were grown on soil for 2 to 4 weeks under continuous light at 21 o C.
Plants were placed in the dark for 24 h to ensure closure and then transferred to the light for 1 h. After 1 h in the light, mature basal leaves were excised and blended in a Waring blender on the low setting for approximately 10 s to isolate epidermal tissues, and the tissues were placed in 3 mL of 30 mM KCl, 10 mM Mes-KOH, pH 6.15 buffer in light for 2 h (Pei et al., 2000; Murata et al., 2001 ). DAF-2 DA (Calbiochem) and H 2 DCFDA (Invitrogen) were dissolved in DMSO to produce 5 mM and 10 mM stock solutions, respectively, and these were stored at -20 o C in 30 µL aliquots. Fifty µM H 2 DCFDA or 15 µM DAF-2 DA was added to the medium in the dark, and after 30 min, 10 µM ABA, 200 µM ATPγS, or buffer (no-ATP control) was also added to the medium in the dark for 30 min. Peels were then rinsed by decanting the treatment solution and adding 3 mL fresh leaf buffer to the peels. Peels were rinsed twice as described. Peels from each of the three treatments (ABA, ATPγS and buffer)
were placed on the same microscope slide and observed sequentially. A second experiment was staggered 30 to 45 min after the first by loading the H 2 DCFDA or DAF-2 DA dye to new peels 30 to 45 min after the first round of dye was added. Confocal laser scanning microscopy (CLSM) was performed with a Leica SP2 AOBS confocal microscope (Leica Microsystems, Bannockburn, IL, USA). Laser power was set at 15%, with an excitation of 488 nm and an emission of 525 nm. A series of 0.5 µm optical sections with average intensity projection along the z axis were collected and made into one 2D image with greater focal depth. All images were obtained with the same software scanning settings including detector gain and laser intensity settings.
Ecto-luciferase Construct and Plant Transformation
The nucleotide sequence for the 24 amino acid, cleavable signal peptide from the Brassica pollen coat protein, S-locus cysteine-rich protein (SCR13; AF195626) was used to target luciferase for secretion (Schopfer et al., 1999) . The signal peptide was incorporated at the N-terminus of the luciferase gene by PCR and the SCR13 signal peptide modified luciferase PCR product was then ligated into the binary vector pLBJ21. This construct was then transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) and then and x-luc9 were chosen for this study based on their positive signal without added ATP and an increased signal with 1 mM ATP added and the immediate luminescence of these lines compared to endo-luciferase lines which showed a delay in luminescence.
Imaging of Luminescence in Ecto-luciferase Plants
Ecto-luciferase seeds were surface-sterilized, stratified in the dark in 4°C for at least three days and then planted directly on a cellophane membrane placed upon solidified MS with 1.0% (w/v) agar. Planted plates were placed upright in a culture chamber and grown at 23° C under 24-h fluorescent light for 7 days. Plates were then reoriented so that the solidified MS medium was at the bottom of the plate and the seedling was able to grow up into the empty space of the petri dish. Seedlings were then allowed to mature for up to 4 weeks under identical temperature and light settings. For "dark" experiments petri dishes of 3-4 week old plants were placed in a dark chamber for 24 hours prior to use in experiments.
Mature basal leaves were excised from x-luc1 and x-luc9 plants 3-4 weeks old. Peels EDTA, 2 mM dithiothreitol) as described by Kim et al. (2006) and was added to the existing peel solution in low light conditions, bringing the final concentration of luciferin to 2.5 mM.
After placing a coverslip over the sample, imaging was performed immediately using a Leica DME microscope with a Leica HC PLAN APO 20x/0.7 n.a. or HI PLAN 40X/0.65 n.a.
objectives, installed in a NightOwl II LB 983 instrument (Berthold Technologies).
Luminescence was integrated over 120 seconds, High Gain, Read Out set to slow, using 4x4
pixel binning with Cosmic Suppression on, Background Correction off, and Flatfield
Correction off with the filter set to Photo.
All luminescence analysis was conducted using the indiGO Analysis Software (version 2.0.0.26). All images consisted of a photographic image in grayscale with an overlaid luminescence image in pseudocolor. Areas of interest were defined manually using the Manual Areas command. This allowed us to manually define integration areas using free form selection of guard cells only. This was accomplished by first lowering the luminescence overlay slider to 0%. This completely removed all luminescence signal from the photographic image. Then we adjusted the intensity scale of the photographic image to improve contrast of the image so that we could confidently identify guard cells from the surrounding pavement cells. Next, we used the Manual Areas command to select only guard cells as areas of interest for luminescence signal integration. Once we had manually selected all areas of interest, we brought up the luminescence overlay slider back up to 65%. Finally, we adjusted the intensity scale for the luminescence signal until all background level luminescence was displayed as a dark magenta color, while luminescence levels above background levels were displayed as blue, green, yellow, orange, and red, where red represented the highest level of relative intensity. It is important to note that while adjusting the intensity scale may change the visual representation of measured luminescence they do not change the raw levels of luminescence present, which are used to calculate actual luminescence activity. After all areas of interest had been selected and adjusted, the excel export function was used to create a complete measurement report, including all images and analysis data. All luminescence activity was expressed as average counts per second (cps).
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Supplemental Figure S1 . induces stomatal closure and the release of NO and H 2 O 2 , whereas addition of low concentrations of these nucleotides (15 -35 μM) leads to opening of stomata. These responses to either high (indicated by larger type) or low concentrations of nucleotides can be blocked by the mammalian purinoceptor inhibitors PPADS and RB2, which can also block the ability of ABA to induce stomatal closing and the ability of light to induce opening. The light treatment that induces stomatal opening also induces a higher expression of the transcripts and proteins of APY1 and APY2, and the text discusses the likelihood that these are ectoapyrases that would help regulate the concentrations of extracellular nucleotides during stomatal opening and closing.
